Abstract Infection with the challenge virus standard-11 (CVS) strain of fixed rabies virus induces neuronal process degeneration in adult mice after hindlimb footpad inoculation. CVS-induced axonal swellings of primary rodent dorsal root ganglion neurons are associated with 4-hydroxy-2-nonenal protein adduct staining, indicating a critical role of oxidative stress. Mitochondrial dysfunction is the major cause of oxidative stress. We hypothesized that CVS infection induces mitochondrial dysfunction leading to oxidative stress. We investigated the effects of CVS infection on several mitochondrial parameters in different cell types. CVS infection significantly increased maximal uncoupled respiration and complex IV respiration and complex I and complex IV activities, but did not affect complex II-III or citrate synthase activities. Increases in complex I activity, but not complex IV activity, correlated with susceptibility of the cells to CVS infection. CVS infection maintained coupled respiration and rate of proton leak, indicating a tight mitochondrial coupling. Possibly as a result of enhanced complex activity and efficient coupling, a high mitochondrial membrane potential was generated. CVS infection reduced the intracellular ATP level and altered the cellular redox state as indicated by a high NADH/ NAD+ ratio. The basal production of reactive oxygen species (ROS) was not affected in CVS-infected neurons. However, a higher rate of ROS generation occurred in CVS-infected neurons in the presence of mitochondrial substrates and inhibitors. We conclude that CVS infection induces mitochondrial dysfunction leading to ROS overgeneration and oxidative stress.
Introduction
Rabies is an acute viral infection of the nervous system in animals and humans (Jackson 2013a) . Rabies is virtually always fatal in humans, and an improved understanding of basic mechanisms involved in rabies pathogenesis is needed in order to develop new and effective therapies for the disease (Jackson 2013b) . We have previously used an experimental model of rabies in mice to determine that neuronal process degeneration, involving both dendrites and axons, is an important structural abnormality that underlies the fatal neurological disease (Scott et al. 2008) . Using cultured adult mouse dorsal root ganglion (DRG) neurons we subsequently determined that oxidative stress plays a key role in axonal degeneration and impairment of axonal growth upon infection with the CVS-11 strain of fixed rabies virus (CVS) (Jackson et al. 2010) . Furthermore, we have recently found that NF-κB activation acts as a critical bridge linking CVS infection and oxidative stress (Kammouni et al. 2012) . Mitochondria are considered the main source of reactive oxygen species (ROS) and because of their critical role in oxidative stress induction, we have hypothesized that rabies virus infection may induce oxidative stress via mitochondrial dysfunction. Viruses from different families also target mitochondria, alter mitochondrial membrane permeabilization, and disrupt mitochondrial morphology (Boya et al. 2004; Boya et al. 2003; El-Bacha and Da Poian 2013; Li et al. 2004; Li et al. 2007; Lichty et al. 2006) . For example, oxidative stress and ROS production in hepatitis C infection is due to targeting of the mitochondria in its infection strategy (Quarato et al. 2013 ) and, at least in part, to stimulation of the mitochondrial Ca 2+ uniporter activity (Li et al. 2007) . Mokola virus is a member of genotype 3 lyssaviruses and there is reduced activity of the mitochondrial electron transport system during Mokola virus infection; the matrix protein interacts with subunit I of the cytochrome c oxidase (complex IV) of the mitochondrial respiratory chain (Gholami et al. 2008) . We have now evaluated mitochondrial functions in a variety of CVS-and mock-infected cultured neurons and found evidence that rabies virus infection results in mitochondrial dysfunction that explains the development of oxidative stress and neuronal process degeneration.
Materials and methods

Virus, cell types, and growth conditions
The challenge virus standard-11 strain of fixed rabies virus (CVS), obtained from William H. Wunner (The Wistar Institute, Philadelphia, PA), was used in these studies. Virus propagation was performed in baby hamster kidney (BHK; clone C13) cells grown in Dulbecco's modified Eagle medium (DMEM, 11995; Invitrogen, Carlsbad, CA) supplemented with 10 % fetal calf serum (B15-001; PAA cell culture company, Etobicoke, Canada) at 37°C in humidified air containing 5 % CO 2 . Viral titers of stock virus were determined by counting fluorescent foci on mouse neuroblastoma (MNA) cells. Three different cell types were used in this study: primary adult rat DRG neurons, nerve growth factor (NGF)-treated PC12 cells, and MNA. Rat DRG neurons were prepared as described (Kammouni et al. 2012 ). PC12 cells were cultivated and differentiated for 3 days in DMEM containing 50 ng/mL NGF (N2513; Sigma-Aldrich) in the presence of either 1 % horse serum (26050-088; Invitrogen) and 0.5 % fetal bovine serum or 10 % horse serum and 5 % fetal bovine serum at 37°C in humidified air containing 5 % CO 2 prior to viral adsorption. MNA cells were cultivated in Minimum Essential Medium Eagle (12-662F; Lonza, Walkersville, MD) containing 1 % sodium bicarbonate (17-613E; Lonza), 40 mmol/L Lglutamine (G7513; Sigma-Aldrich), tryptose phosphate broth (T0800; Teknova, Hollister, CA) containing 0.14 % tryptose, 0.014 % glucose, 0.035 % sodium chloride, 0.0175 % sodium phosphate dibasic, and 10 % fetal calf serum at 37°C in humidified air containing 5 % CO 2 prior to viral adsorption. Cells were infected with CVS at multiplicity of infection (MOI) of 10 fluorescent foci forming unit per cell. After 1 h of viral absorption, fresh media were added to each cell type.
Citrate synthase activity assay
The Krebs cycle enzyme citrate synthase is commonly used as a quantitative enzyme marker for evaluation of mitochondrial mass. Measurement of citrate synthase activity was based on the ability of the enzyme to facilitate the formation of citrate in the presence of acetyl-CoA and oxaloacetic acid and was assayed in mock-infected and CVS-infected DRG neurons, PC12 cells, and MNA cells at 72 h post-infection as described (Roy Chowdhury et al. 2010 ) with minor modifications. Measurements were performed on whole cells in 96-well plates using a total reaction volume of 100 μL. The formation of citrate converts 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) to 5-thio-2-nitrobenzoic acid (TNB). To determine citrate synthase activity, 0.1 mmol/L DTNB (D8130; Sigma-Aldrich) and 1-5 μg samples were added in Tris-HCl buffer (pH 8.2) containing 0.05 % lauryl maltoside (D4641; Sigma-Aldrich). Acetyl-CoA (0.1 mmol/L, A2056; Sigma-Aldrich) was added and the absorbance was followed at 412 nm for 5 min. Then, the reaction was started by adding 0.05 mmol/L oxaloacetic acid (O-4126; Sigma-Aldrich), and citrate synthase activity was monitored for another 5 min. All enzymatic activities were expressed as nmol/min/mg protein.
Complex activity assays
Complex I activity was measured as rotenone-sensitive NADH-cytochrome c reductase activity and was assayed in mock-infected and CVS-infected DRG neurons and PC12 and MNA cells at 72 h post-infection as described (Roy Chowdhury et al. 2010 ) with minor modifications. The reaction is based on the ability of complex I, in the presence of NADH, to pass electrons to complex III, which, in turn, reduces oxidized cytochrome c . Rotenone, a complex I-specific inhibitor, is added and the rotenone-sensitive activity is calculated. To determine complex I activity, whole cells were subjected to three cycles of freezing and thawing. Measurements were conducted in 96-well plates in a total reaction volume of 100 μl. The reaction buffer contained 20 mmol/L potassium phosphate buffer (pH 7.4), 100 μmol/L NADH, 1 mmol/L KCN (207810; SigmaAldrich), and 1-5 μg samples were pre-incubated for 3 min. Then, 100 μmol/L oxidized cytochrome c (C2506; Sigma-Aldrich) was added. The reaction was followed at 550 nm for 5 min and then for another 5 min after adding 25 μmol/L rotenone. Complex II-III activity was measured in mock-infected and CVS-infected DRG neurons and PC12 and MNA cells at 72 h post-infection as previously described (Kiebish et al. 2008 ) with minor modifications. In the presence of succinate, complex II passes electrons to complex III, which in turn reduces oxidized cytochrome c . In order to exclude any contribution from complex I in this reaction, rotenone was added in the reaction mixture. To determine complex II-III activity, whole cells were subjected to three freeze-thaw cycles. 50 mmol/L succinate (Sigma-Aldrich S2378), 1 mmol/L KCN, 25 μmol/L rotenone, and 1-5 μg samples were pre-incubated in 20 mmol/L potassium phosphate buffer containing 0.01 % BSA for 3 min. Oxidized cytochrome c (100 μmol/L) was added, and the increase in absorbance was followed at 550 nm for 5 min. The complex IV activity assay is based on the ability of complex IV to oxidize the reduced cytochrome c. Mock-infected and CVSinfected DRG neurons and PC12, and MNA, cells at 72 h post-infection were assayed as described (Roy Chowdhury et al. 2010 ) with minor modifications. To determine complex IV activity, 1-5 μg samples of whole cells were pre-incubated in 20 mmol/L potassium phosphate buffer containing 0.05 % lauryl maltoside for 10 min. Then, 40 μmol/L of reduced cytochrome c was added and the oxidation rate of the reduced cytochrome c was measured for 5 min.
Mitochondrial respiration assay
Mitochondrial respiration in CVS-infected and mock-infected PC12 cells was assessed using OROBOROS Oxygraph-2k (OROBOROS instruments GmbH, Innsbruck, Austria) as described (Roy Chowdhury et al. 2010) . At 72 h postinfection, the cells were harvested and washed with phosphate buffer saline. The cells were counted and 2×10 6 cells were added to each chamber of OROBOROS Oxygraph-2k in a total volume of 2 mL. The respiration media contained 80 mmol/L potassium chloride (KCl), 10 mmol/L Tris-HCl (T5941; Sigma-Aldrich), 3 mmol/L MgCl 2 (M-33-500; Fisher Scientific, Fair Lawn, NJ), 1 mmol/L EDTA (BP120-500; Fisher Scientific), and 5 mmol/L potassium phosphate (pH 7.4). Because whole cell preparations were used, digitonin (D-180-250; Gold Biotechnology, St. Louis, MO) was added after addition of the cells for permeabilization. The concentration of digitonin used permeabilizes the plasma membrane of the cells, whereas the mitochondrial membrane remains intact, which permits access of substrates. Pyruvate (10 mmol/L) and 5 mmol/L malate (M7397; Sigma-Aldrich) were added and then was followed by the addition of 2 mmol/ L adenosine diphosphate (ADP) (Sigma-Aldrich; A5285) to start the coupled respiration. Coupled respiration was measured as the oligomycin-sensitive oxygen consumption rate after inhibiting coupled respiration with 1 μmol/L oligomycin (O4876; Sigma-Aldrich), an adenosine-5′-triphosphate (ATP) synthase inhibitor. Oligomycin-insensitive respiration determines the rate of proton leak across the mitochondrial membrane. Addition of oligomycin also blocks reverse proton pumping through the ATP synthase. Carbonylcyanide p-trifluoromethoxyphenyl-hydrazone (FCCP; ab120081; Abcam) was titrated and 0.25 μmol/L was found to induce maximum uncoupling of the mitochondria. FCCP catalyzes the proton transfer to the matrix and, thus, abolishes the mitochondrial proton gradient and membrane potential. FCCP (0.25 μmol/L) was added to initiate the uncoupled respiration followed by the addition of 1 μg/mL antimycin A (A8674; Sigma-Aldrich), a specific inhibitor of complex III. In the presence of FCCP, maximal uncoupled respiration (maximal electron transport chain capacity) can be determined. Uncoupled respiration was calculated as antimycin-sensitive FCCP-induced respiration. Then, complex IV respiration was induced by the addition of 5 mmol/L ascorbate (A7631; Sigma-Aldrich) and 0.5 mmol/L N,N,N′,N′-tetramethyl-pphenylenediamine dihydrochloride (TMPD; T3134; SigmaAldrich). KCN (0.25 mmol/L), a complex IV-specific inhibitor, was added and complex IV respiration rate was measured as a KCN-sensitive ascorbate and TMPD-induced respiration. The rates of proton leak and oxygen consumption were determined using OROBOROS DatLab software.
Measurement of NADH and NAD+ levels
NADH and NAD+ levels were determined by EnzyChromTM NAD+/NADH Assay Kit (ECND-100; Bioassay System, Hayward, CA) in mock-infected and CVS-infected PC12 cells at 72 h post infection. The reaction was based on the ability of NADH to reduce tetrazolium dye (MTT) through alcohol dehydrogenase-based reaction. According to the manufacturer's instructions, 1×10 5 cells from mock-infected and CVS-infected groups were incubated with either 100 μL NAD+ or NADH buffer for NAD+ or NADH extraction, respectively. Extracts were heated at 60°C for 5 min before adding 20 μL assay buffer. Then, the extracts were neutralized by adding 100 μL of the extraction buffer. After 5 min centrifugation, 40 μL of the supernatant was used for each assay. Eighty microliters of the working solution containing 50 μL assay buffer, 1 μL enzyme, 10 μL 1 % ethanol, 14 μL phenazine methosulfate (PMS), and 14 μL MTT was added to each sample and incubated for 15 min. The reduction of MTT color was measured at 565 nm. NAD+ and NADH concentration were determined from a standard curve prepared using the standard solution provided with the kit. Then, the NADH/ NAD+ ratio was calculated.
Measurement of ATP levels ATP levels were determined using ATP Colorimetric/ Fluorometric Assay Kit (K354-100; Biovision, Mountain View, CA) in mock-infected and CVS-infected PC12 and MNA cells at 72 h post infection. This assay is based on glycerol phosphorylation and the level of ATP can be detected by both colorimetric and fluorometric methods. According to the manufacturer's instructions, 100 μL of ATP extraction buffer was added to 1×10 6 cells from mock-infected and CVS-infected samples. Then, samples were homogenized in perchloric acid followed by a neutralization step using the deproteinizing sample preparation kit (K808-200; Biovision). After 2 min centrifugation, supernatants were collected and used for the assay. Fifty microliters of reaction mix containing 44 μL ATP assay buffer, 2 μL ATP probe, 2 μL ATP converter, and 2 μL developer mix were added to each sample. After 30 min incubation in the dark, optical densities were read at 570 nm using a SpectraMax Plus384 spectrophotometer. The intracellular ATP level was determined from a standard curve prepared using the ATP standard solution provided with the kit.
Assessment of mitochondrial membrane potential
Mitochondrial membrane potential was determined using tetramethylrhodamine ethyl ester (TMRE) Mitochondrial Membrane Potential Assay Kit (113852; Abcam, Toronto, Canada) in mock-infected and CVS-infected PC12 and MNA cells at 72 h post infection. This kit is based on the ability of TMRE to stain actively respiring mitochondria; depolarized or inactive mitochondria fail to retain TMRE. Fluorescence intensity distinguishes between depolarized, normal, and hyperpolarized mitochondria. In this study, TMRE was used in non-quench mode and was titrated (5-100 nmol/L) to determine the lowest concentration that gave a reasonable signal. 25 nmol/L was chosen as the optimum concentration. FCCP was used to induce mitochondrial depolarization. The lack of increase in the whole cell fluorescent signal after the addition of 1 μmol/L FCCP also confirms that the dye was functioning in non-quench mode. At 72 h postinfection, 2×10 5 cells of mock-infected and CVS-infected samples were loaded with 25 nmol/L TMRE and incubated for 30 min in the dark at 37°C. Just before washing out TMRE-containing media, 1 μmol/L FCCP was added to some samples as a control. The media was then washed out in order to eliminate background interference. Using a fluorescence microplate reader (Gemini XPS), the fluorescence intensity was determined at excitation 549 nm and emission 575 nm.
Assessment of hydrogen peroxide production
As an indicator of cellular ROS generation, the rate of hydrogen peroxide production was determined in MNA cells using the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen A22188). The assay is based on the ability of Amplex Red reagent (10-acetyl-3,7-dihydroxyphenoxazine) in the presence of horseradish peroxidase to detect the rate of H 2 O 2 production from the cells. At 72 h post-infection, 1×10 4 cells of mock-infected and CVS-infected cells were added per well of 96-well plate. The cells were allowed to attach for 2 h at 37°C in humidified air containing 5 % CO 2 . Media was removed and 50 μL of 1× reaction buffer containing digitonin and either 10 mmol/L succinate or 10 mmol/L pyruvate and 5 mmol/L malate in the presence or absence of 1 μmol/L rotenone or 2 mmol/L ADP were added to each well. Then, 50 μL of working solution containing 100 μmol/L Amplex Red reagent and 0.2 U/mL HRP was added to each well. The reaction was followed for 2 h at excitation/emission 530/ 590 nm using a fluorescence microplate reader.
Statistical analysis
Standard two-tailed unpaired Student's t tests were used to determine the significance of the difference between the means of mock-infected and CVS-infected cells. A value of p <0.05 was considered statistically significant. Significance levels in Amplex Red assays were determined using two-way ANOVA with Bonferroni's post hoc tests.
Results
Citrate synthase activity
The constitutively expressed mitochondrial matrix enzyme, citrate synthase, was measured as a previously characterized indicator of mitochondrial mass and intactness. No significant difference was found in the activities of citrate synthase enzyme between mock-infected and CVS-infected DRG neurons and PC12 and MNA cells at 72 h post-infection (Fig. 1) .
Activities of respiratory chain complexes
Respiratory chain complex I activity was significantly upregulated in all types of CVS-infected cells. In comparison with mock-infected cells, the activities in CVS-infected DRG neurons and in PC12 and MNA cells were increased by 34.6 % (p <0.01), 38.8 % (p <0.05), and 64.4 % (p <0.01), respectively, at 72 h post-infection (Fig. 2) . These increases roughly correlate with the susceptibility of the cell types to rabies virus infection: DRG neurons (30-50 %; Jackson et al. 2010 ), PC12 cells (30 %)(data not shown), and MNA cells (100 %) (Thoulouze et al. 1998) . Measurement of complex II-III activity did not reveal a significant difference between mock-infected and CVS-infected DRG neurons and PC12 and MNA cells at 72 h post-infection (Fig. 2) . Complex IV activity was significantly increased in all types of CVSinfected cells. The activities were increased by 29.2 % (p <0.05) in DRG neurons and 29.3 % (p <0.01) in PC12 and 33.8 % (p <0.05) in MNA cells at 72 h post-infection (Fig. 2) . These increases correlated much less well with the susceptibility of the cell types to rabies virus infection (see complex I assay above).
Mitochondrial respiration assay
Several respiratory states (rate of proton leak, coupled respiration, maximal uncoupled respiration, and complex IV respiration) were assessed in mock-infected and CVS-infected PC12 cells at 72 h post-infection by measuring oxygen consumption rates (Fig. 3) . The rate of proton leak and coupled respiration (oxidative phosphorylation capacity) were not different in mock and CVS-infected cells. On the other hand, maximal uncoupled respiration (maximal electron transport system capacity) and complex IV-dependent respiration were significantly enhanced by 33.4 % (p <0.05) and 49.1 % (p <0.05), respectively, in the CVS-infected cells in comparison with mock-infected cells (Fig. 4) .
Mitochondrial membrane potential
To complement the assays of mitochondrial respiration, we also assessed the mitochondrial membrane potential. This measurement also confirms if direct effects on mitochondrial physiology are causing defects in mitochondrial function and not just abnormalities in mitochondrial number or mass. The mitochondrial membrane potential was significantly enhanced in CVS-infected cells in comparison with mock-infected cells at 72 h post-infection. The mitochondrial membrane potential was enhanced by 27.9 % (p <0.05) and 42.9 % (p <0.01) in CVS-infected PC12 and MNA cells versus mock-infected cells, respectively (Fig. 5) . In the presence of FCCP, no significant change was observed in CVS-infected PC12 and MNA cells.
NADH levels, NAD+ levels, and NADH/NAD+ ratios To gain a general understanding of impact of rabies virus on redox state within the cells, the NADH/NAD+ ratio was determined. At 72 h post-infection, the NADH level was significantly higher by 42.6 % (p <0.05) in CVS-infected than in mock-infected PC12 cells (Fig. 6) , whereas CVS infection did not significantly change the NAD+level versus mock infection (Fig. 6) . The NADH/NAD+ ratio in CVS-infected cells was increased by 36.8 % (p <0.05) in comparison with mock-infected cells (Fig. 6 ).
Intracellular ATP levels
To fully describe the bioenergetic state of the cells, the ATP levels were determined. The intracellular ATP levels of CVSinfected cells were significantly lower than the intracellular ATP levels in mock-infected cells at 72 h post-infection. In CVS-infected PC12 cells, the ATP level was lower by 26.7 % (p <0.01), whereas it was decreased by 36.5 % (p <0.001) in CVS-infected MNA cells (Fig. 7) .
Hydrogen peroxide production
Mitochondrial dysfunction is often associated with alterations in free radical production and/or scavenging, therefore, the Amplex Red assay was used to determine ROS levels in cells infected by CVS. Without the addition of substrate, hydrogen peroxide detection by Amplex Red kits showed similar ROS generation in CVS-infected versus mock-infected MNA cells at 72 h post-infection (Fig. 8a, b) . The complex I substrates pyruvate and malate did not result in detectable ROS generation by forward electron transport (FET; Fig. 8c, d ). However, when ADP was added, which serves to dissipate the proton gradient via ATPase synthase activity and thus decrease the Fig. 1 Fig. 8e, f) . ROS generation was not increased with the addition of rotenone, which inhibits complex I at the flavin mononucleotide site (Fig. 8g, h ), indicating that complex I was not an important site for ROS generation under these conditions during forward electron transport. Succinatedriven hydrogen peroxide detection showed significantly increased ROS generation in CVS-infected versus mockinfected MNA cells (p <0.001; Fig. 9a, b) and the levels exceeded those seen in the presence of pyruvate and malate. Increased ROS generation in CVS-infected cells was also seen with the addition of ADP (p <0.001), however, the total ROS levels were lower indicating oxidative phosphorylationdependent amelioration of the MMP was alleviating ROS production ( Fig. 9c, d) . Addition of rotenone (p <0.001) indicated that electron transport mediated via succinate plays a role in ROS generation at sites other than complex I (via reverse electron transport), e.g., complex III (via FET; Fig. 9e, f) . (Mal) were added and subsequently adenosine diphosphate (ADP) in order to initiate coupled respiration. Then, oligomycin (Oli) was added to inhibit the oxidative phosphorylation system. Oxidative phosphorylation capacity was measured as oligomycin-sensitive coupled respiration. Oligomycin-insensitive respiration represented the rate of proton leak. FCCP was added to initiate uncoupled respiration. Antimycin A (AA) was added to inhibit the uncoupled respiration at complex III. Maximal respiration was determined as antimycin A-sensitive uncoupled-respiration. Complex IV respiration was induced by the addition of ascorbate (Asc) and TMPD. KCN was added to inhibit complex IV respiration. Complex IV rate was determined as KCN-sensitive ascorbate+TMPD-induced respiration 
Discussion
For many years, neuronal dysfunction was thought to be the basis for the severe clinical disease in rabies with a fatal outcome because significant structural abnormalities had not been recognized in neurons (Fu and Jackson 2005) . Degenerative changes have recently been reported affecting neuronal processes (dendrites and axons) in mice experimentally infected with CVS (Li et al. 2005; Scott et al. 2008 ) and wild-type (street) rabies virus (Song et al. 2013) , indicating that important structural changes actually underlie the disease. A disease process differentially affecting neuronal processes (versus cell bodies) suggests involvement of a process associated with relatively high energy requirements. In studies performed in adult mouse DRG neuron cultures, it was demonstrated that axonal degeneration of CVS-infected DRG neurons is associated with oxidative stress (Jackson et al. 2010) . Because mitochondrial dysfunction is the most important cause of the generation of ROS with resulting oxidative stress, we have investigated mitochondrial function in CVS infection of different cultured cell types. We did this in order to determine whether abnormal findings are specific for cell types in which morphologic features associated with oxidative stress are observed (e.g., DRG neurons) or if the findings occur whether or not the cell type has neuronal processes in which oxidative stress-related morphological changes can be expressed.
Investigation of the activities of complexes of the mitochondrial respiratory chain demonstrated significantly increased activities of both complex I and complex IV in CVS infection versus mock infection in all of the different cell types studied (Fig. 2) . The lack of change in citrate synthase activity (Fig. 1) indicates that there was no major effect of the viral infection on mitochondrial mass or intactness and confirms that effects on mitochondrial respiratory activity were the result of direct interference with respiratory chain components and not simply due to a loss of mitochondrial number. The increased activity of complex I roughly correlated with the susceptibility of the cell type to infection with CVS, whereas the increased activity of complex IV correlated much less well (Fig. 2) . This suggests that the increased activity of complex I might be a direct viral effect, whereas the increased activity of complex IV is more likely an indirect and possibly a compensatory effect of the cells in order to adapt to the viral infection. Complex I and complex III are considered the main ROS generators (Murphy 2009) . ROS production at complex I may occur during both forward and reverse electron transport (Selivanov et al. 2011) . CVS-induced increased activity of complex I may also be important in driving ROS overproduction through other complexes in mitochondria of infected cells. In agreement with the biochemical activity findings, FCCP-induced uncoupled respiration (maximal ETS respiration) and Asc+TMPD-induced respiration (complex IV respiration) were increased in CVS-infected versus mock-infected cells (Fig. 4) .
We observed an increase in the NADH level and the NADH/NAD+ ratio in CVS-infected versus mock-infected cells (Fig. 6) , indicating an alteration of the cellular redox state. The increase of NADH level could be due to reverse electron transport, which is a significant potential source for ROS production, from complex III to complex I that converts NAD+ to NADH (Murphy 2009 ). Gambini et al. (2011) indicated that an increase in the NADH to NAD+ ratio upregulated the expression of SIRT mRNA and protein. SIRT3 expression is an important regulator for all ETS complexes. Physical interaction between SIRT3 and a complex I subunit (NDUFA9) has been identified (Ahn et al. 2008) . Treatment of mitochondria with exogenous SIRT3 increased complex I activity by increasing the deacetylation of several proteins (Ahn et al. 2008) , whereas the activities of these complexes were decreased in SIRT3-deficient or knockdown models, likely due to increased acetylation of the complexes (Ahn et al. 2008; Bao et al. 2010; Cimen et al. 2010; Kim et al. 2006) . Hence, the hyperactivity of ETS complexes in CVSinfected cells may be due to a high NADH to NAD+ ratio, overexpression of SIRT, and increased deacetylation of proteins of the complexes.
We evaluated the mitochondrial membrane potential (MMP) and observed that the MMP was significantly increased in CVS-infected versus mock-infected cells (Fig. 5) . Increased pumping of protons through hyperactive complex I and complex IV in association with a normal rate of proton leak could fully explain this observation. Furthermore, a high NADH level in CVS-infected cells may further contribute to maintenance of a high mitochondrial membrane potential by inhibiting the mitochondrial permeability transition (MPT) pore and stimulating voltage-dependent anion channel closure (Zoratti and Szabo 1995) . Although a high MMP is required for cellular ATP production, a high MMP also favors mitochondrial ROS formation by several different pathways (Murphy 2009 ). We have observed that CVS-infected cells showed a reduction in their intracellular levels of ATP in comparison with mockinfected cells (Fig. 7) . A decrease in ATP production may be associated with inhibition of ATP synthesis or an increase in ATP hydrolysis. Although some viruses (e.g., human immunodeficiency virus (HIV), cytomegalovirus, and hepatitis B virus) inhibit ATP synthesis, the reduction in ATP levels in CVSinfected cells was associated with normal coupled respiration (oxidative phosphorylation capacity) in the infected cells, which argues against defective ATP synthesis. Viruses can be considered to be metabolic engineers (Maynard et al. 2010 ) and increased ATP hydrolysis may be due to viral replication, which is the case in Sindbis virus (da Silva et al. 2012) and rubella virus (Bardeletti 1977) infections. Another mechanism that may explain reduced ATP levels in CVS-infected cells relates to the presence of ROS. It was shown that the presence of hydrogen peroxide reduces the cellular ATP level in both dose-and time-dependent manners (Teepker et al. 2007 ). Regardless of the mechanisms that underlie the reduced ATP level in CVS-infected cells, this may explain the reduction of axonal outgrowth that we previously observed in CVSinfected DRG neurons (Jackson et al. 2010) . The depletion of ATP in neurons may lead to the formation of actin-actindepolymerizing factor/cofilin rods in their neurites, which serve to transiently retard the decline of MMP and ATP in stressed neurons by slowing filament turnover (Bernstein et al. 2006) . Slowing of actin filament turnover, or actin treadmilling, will retard growth cone motility and hence inhibit neurite outgrowth (Bernstein et al. 2006) .
The alteration of cellular redox state, induction of high mitochondrial membrane potential, and reduction of intracellular ATP level provide a conductive environment for mitochondrial ROS production (Murphy 2009 ). We have demonstrated that hydrogen peroxide production was significantly higher in CVSinfected cells versus mock-infected cells in the presence of pyruvate, malate, and ADP and also in the presence of succinate (Figs. 8 and 9 ), which indicates that CVS infection induces both forward and reverse electron transport-driven ROS overgeneration. Succinate accelerates ATP-dependent reverse electron transport through complex I, reducing NAD+ to NADH, which leads to high NADH/NAD+ratio and ROS overproduction (Selivanov et al. 2011) . The mechanisms by which reverse electron transport increases ROS generation remain unclear. Production of hydrogen peroxide through reverse electron transport was previously demonstrated under normal physiological conditions in which differentiated muscles produce high amounts of hydrogen peroxide at hyperactive complex I with a high NADH/NAD+ratio (Lee et al. 2011) . Addition of Fig. 10 Mechanisms of mitochondrial dysfunction associated with rabies virus infection. In mitochondria of rabies virus-infected neurons, the activity of ETS complex I and IV are increased either due to direct (e.g., interaction with a rabies virus protein) and/or indirect (e.g., high NADH/ NAD+ratio and upregulation of sirtuin activity) viral effect. The increased proton pumping across mitochondrial membranes generates a high mitochondrial membrane potential (MMP rotenone, which is a complex I-inhibitor, not only decreased the NADH/NAD+ratio, but also inhibited hydrogen peroxide production in differentiated muscles (Lee et al. 2011) . In CVSinfected neurons, succinate-driven ROS generation continued in the presence of rotenone, which suggests that ROS generation occurs at sites other than complex I (e.g., complex III and possibly complex IV).
We have found strong evidence that mitochondrial dysfunction is an important cause of oxidative stress in CVSinfected neurons and other cell types (summarized in model shown in Fig. 10 ). Although the mitochondrial dysfunction occurs in a variety of cell types, the characteristic morphologic changes (e.g., axonal swellings) are only observed in neurons with axonal processes, including primary adult DRG neurons. We believe that the increased activity of ETS complexes likely plays a fundamental role in the generation of ROS that induces injury to neuronal processes, which we have observed in axons of CVS-infected DRG neurons (Jackson et al. 2010) and in dendrites and axons of CVS-infected adult mice with peripheral inoculation (Scott et al. 2008) . Viral proteins from different viral families also target mitochondria (Boya et al. 2004; Boya et al. 2003; Li et al. 2004; Li et al. 2007; Lichty et al. 2006) . Oxidative stress and ROS production in hepatitis C infection is related, at least in part, to stimulation of the mitochondrial Ca 2+ uniporter activity (Li et al. 2007 ). Recently, reduced activity of the mitochondrial ETS was reported during Mokola virus infection (Gholami et al. 2008 ). Studies using a yeast two-hybrid screening system indicate that the Mokola matrix protein interacts with subunit I of complex IV (cytochrome c oxidase) of the mitochondrial respiratory chain. The mechanism of transport of the matrix protein into mitochondria is uncertain, but it has been speculated that an α-helix in the matrix protein at position 69 to 82 may act as a mitochondrial import signal and also that heat shock protein-70, which rabies virus incorporates (Sagara and Kawai 1992) , may act as a cytoplasmic chaperone to help maintain the mitochondrial protein in an import-competent state (Gholami et al. 2008; Stojanovski et al. 2003; Young et al. 2003) . We propose that a rabies virus protein may also directly interact with ETS complexes and increase its activity, resulting in increased ROS production, oxidative stress, and neuronal process degeneration. Further investigations are required to support this hypothesis.
